Mashhad granitoids in northeast Iran are part of the so-called Silk Road arc that extended for 8300 km along the entire southern margin of Eurasia from North China to Europe and formed as the result of a north-dipping subduction of the Paleo-Tethys. The exact timing of the final coalescence of the Iran and Turan plates in the Silk Road arc is poorly constrained and thus the study of the Mashhad granitoids provides valuable information on the geodynamic history of the Paleo-Tethys. Three distinct granitoid suites are developed in space and time (ca. 217-200 Ma) during evolution of the Paleo-Tethys in the Mashhad area. They are: 1) the quartz diorite-tonalite-granodiorite, 2) the granodiorite, and 3) the monzogranite. Quartz diorite-tonalite-granodiorite stock from Dehnow-Vakilabad (217 ± 4-215 ± 4 Ma) intruded the pre-Late Triassic metamorphosed rocks. Large granodiorite and monzogranite intrusions, comprising the Mashhad batholith, were emplaced at 212 ± 5. Nd ratios (0.512204-0.512225) and ε Nd(t) values (−2.7 to −3.2) are typical of adakitic magmas generated by partial melting of a subducted slab. These magmas were then hybridized in the mantle wedge with peridotite melt. The quartz diorite-tonalite-granodiorite stock and granodiorite batholith could be considered as arc-related granitoid intrusions, which were emplaced during the northward subduction of Paleo-Tethys Ocean crust beneath the Turan micro-continent. The monzogranite is strongly peraluminous (Al 2 O 3 /(CaO + Na 2 O + K 2 O) Mol. = 1.07-1.17), alkali-rich with normative corundum ranging between 1.19% and 2.37%, has high initial Nd ratios (0.512042-0.512111) and ε Nd(t) values (−5.3 to − 6.6) that substantiate with geochemical attributes of S-type granites formed by dehydration-melting of heterogeneous metasedimentary assemblages in thickened lower continental crust. The monzogranite was emplaced as a consequence of high-temperature metamorphism during the final integration of Turan and Iran plates. The ages found in the Mashhad granites show that the subduction of Paleo-Tethys under the Turan plate that led to the generation of arc-related Mashhad granites in late-Triassic, finally ceased due to the collision of Iran and Turan micro-plates in early Jurassic.
values (− 5.5 to − 6.1) of quartz diorite-tonalite-granodiorite stock along with its metaluminous to mildly peraluminous character (Al 2 O 3 /(CaO + Na 2 O + K 2 O) Mol. = 0.94-1.15) is consistent with geochemical features of I-type granitoid magma. This magma was derived from a mafic mantle source that was enriched by subducted slab materials. The granodiorite suite has low contents of Y (≤18 ppm) and heavy REE (HREE) (Yb b 1.53 ppm) and high contents of Sr (>594 ppm) and high ratio of Sr/Y (>35) that resemble geochemical characteristics of adakite intrusions. The metaluminous to mildly peraluminous nature of granodiorite from Mashhad batholiths as well as its initial Nd ratios (0.512204-0.512225) and ε Nd(t) values (−2.7 to −3.2) are typical of adakitic magmas generated by partial melting of a subducted slab. These magmas were then hybridized in the mantle wedge with peridotite melt. The quartz diorite-tonalite-granodiorite stock and granodiorite batholith could be considered as arc-related granitoid intrusions, which were emplaced during the northward subduction of Paleo-Tethys Ocean crust beneath the Turan micro-continent. The monzogranite is strongly peraluminous (Al 2 O 3 /(CaO + Na 2 O + K 2 O) Mol. = 1.07-1.17), alkali-rich with normative corundum ranging between 1.19% and 2.37%, has high initial 87 Sr/ 86 Sr ratios (0.707457-0.709710) and low initial The northward subduction of Paleo-Tethys during the late Palaeozoic-early Mesozoic created a magmatic arc, called Silk Road arc, at the southern margin of Eurasia. According to Natal'in and Şengör (2005) , the oblique subduction and longitudinal shortening of Paleo-Tethys fragmented the Silk Road arc by arc-shaving and slicing strike slip faults and thus the Paleo-Tethyan suture zone is incomplete in some areas. In Iran, the only well-exposed lithologies within the Paleo-Tethys suture zone are found at the west end of the Mashhad-North Pamir arc and in the vicinity of Mashhad city (Fig. 1A) . These include some fragments of ophiolites south of the city, a 5 × 25 km granitic batholith in the south-southeast and a granitic stock in the northwest (Fig. 1B) . Dating by the 40 Ar/ 39 Ar method of the ophiolite complex has yielded plateau ages of 281-277 Ma (Ghazi et al., 2001 ) which indicate that obduction and thus emplacement of the Paleo-Tethys remnants occurred during the Early Permian. However, contradictory data exists on the exact timing of granite crystallization, many of which are not supported by stratigraphic ages. For example, Majidi (1978) reported K-Ar ages of 350-210 Ma, while Alberti et al (1973) obtained younger K-Ar ages in the range of 120-145 Ma. On the contrary, field observations indicate that the Mashhad granites had intruded the ophiolite complex and are in turn overlain unconformably by the basal conglomerates of lower Jurassic (Hashemi, 2004) . The granites must therefore have been emplaced by early Jurassic. Karimpour et al. (2010a) obtained 215-217 Ma U-Pb zircon ages for the isolated and small quartz diorite-tonalitegranodiorite bodies that outcrop in the Dehnow-Vakilabad regions, located~10 km to the northwest of the Mashhad batholith. Although such age determination is more consistent with the cross-cutting relations observed in the region, the other U-Pb zircon ages reported by Karimpour et al. (2010b Karimpour et al. ( , 2011 from the main Mashhad batholith (i.e., 205.9 ± 4.1 Ma and 201 ± 3.7 Ma for the collision-and arc-related granitoids, respectively) contradict field observations, nor are they supported by the geodynamic history of Paleo-Tethys in northeast Iran. In addition, models suggested so far for the source of Mashhad granites (e.g. metaplate-metapsmatite, meta-graywacke, etc.) contradict their geochemical characteristics and need re-examination. It is therefore imperative to report new geochemical data and age determinations for granitoids from the Mashhad batholith. Granitoid rocks display great diversity in their origin, source and petrogenesis and thus can be used as indicators of geodynamic environments and, in some cases, as tracers of geodynamic evolution (Barbarin, 1999) . In this paper we present field relationships and new geochemical-geochronological data on granitoids from Mashhad in order to constrain the exact timing of their emplacement, the likely tectonic setting during their formation and their ultimate sources. This study also provides important clues on the geodynamic history of the Paleo-Tethys, by estimating the timing and duration of its subduction and closure in NE Iran.
Geological setting
The Mashhad granitoids, located at 59°22′-59°45′N, 36°00′-36°2 2′E and in the northeastern slopes of Binalood Mountains, cover an area of about 700 km 2 (Fig. 1B) . They are situated within the Paleo-Tethys remnants consisting of structurally deformed ophiolites and low-to medium-grade metamorphosed rocks. This assemblage resulted from the obduction of the Paleo-Tethys oceanic crust over the Iranian microcontinental margin during terrane accretion (Alavi, 1991; Stöcklin, 1974) . The ophiolites are surrounded by metamorphic rocks, including well-layered slate, phyllite, schist, marble, and carbonate meta-conglomerate of Permian age (Razavi et al., 2008) . Alavi (1979 Alavi ( , 1991 reconstructed the original sedimentary environment and its depositional setting for these metamorphic rocks and considered the entire assemblage indicative of deposition in deep water settings such as turbidite deposits which formed in a trenchforearc basin over a north-dipping subduction zone.
Based on their topographic expression and field observations, the granitoid rocks of Mashhad occur in a large batholith to the southsoutheast of Mashhad and also a smaller isolated stock to the northwest of the city (Fig. 1B) . Field relationships show that these lithologies were emplaced in various stages and over a long time span, before the intrusion of pegmatite-aplite dykes.
Petrography
The petrographic study is based on 60 samples collected from all three granitoid suites. Considering the modal abundances of minerals, the Mashhad granitic rocks are classified as (1) quartz diorite-tonalite-granodiorite (DTG), (2) granodiorite (GD), and Streckeisen and Le Maitre (1979) . Normative fields: agr: alkali feldspar granite, sgr: syenogranite, mzgr:monzogranite, gd: granodiorite, ton: tonalite, q-mz: quartz monzonite, q-mzd: quartz monzodiorite, mzd: monzodiorite, and gab:gabbro.
(3) monzogranite (MG). This nomenclature is also supported by the normative composition (Fig. 2) .
The DTG suite, which comprises the Dehnow-Vakliabad stock in NW of Mashhad city, is composed mainly of plagioclase, quartz, biotite and accessory minerals which include K-feldspar, amphibole, zircon, apatite and epidote. Plagioclase (3 mm across) is subhedral to anhedral and shows optical zonation. Quartz (0.8 mm across) is anhedral and occurs as aggregates of smaller grains. Biotite forms equant flakes, sometimes intergrown with amphibole and contains inclusions of apatite, zircon and titanite.
The GD suite, cropping out in the southeast part of the Mashhad batholith, consists of feldspar, quartz and mica as main mineral phases and zircon, apatite, allanite and titanite as accessory phases. Plagioclase is subhedral to anhedral, has an average size of 4.5 mm and occasionally contains anhedral xenocrysts of quartz and biotite. Quartz (2 mm) is anhedral, has undulatory extinction and sometimes has inclusions of apatite and rutile. K-feldspar (0.4 mm) is microcline and orthoclase and shows both Carlsbad and grid-twinning in thin sections. In some places, this mineral forms large phenocrysts that can reach up to 6 mm in diameter. Biotite is subhedral to anhedral and contains prismatic grains of apatite and zircon. It can also form interstitial grains between other minerals, and inclusions in feldspar.
The MG suite, occurs along the northwestern portion of the Mashhad batholith, is composed of quartz, plagioclase, K-feldspar, biotite and muscovite, with apatite and zircon as accessory minerals. Quartz (3 mm), the most abundant mineral, occasionally has inclusions of K-feldspar, biotite and plagioclase. K-feldspar (1.5 mm) is euhedral to subhedral, has inclusions of quartz and plagioclase, and in places shows alteration to kaolinite. Plagioclase (2 mm) is euhedral to subhedral, shows polysynthetic twining and has developed myrmekitic intergrowths at its contacts with quartz grains. Biotite (1 mm) with inclusions of zircon and apatite is sometimes altered to chlorite. Muscovite (0.5 mm) is euhedral to subhedral and occurs as either discrete grains or intergrowths with biotite.
Analytical techniques
Out of 60 samples collected from outcrops of unaltered Mashhad granitoids, the freshest specimens were initially examined by polarized light microscopy and selected for geochemical and isotopic analyses. Samples were crushed and powdered to 200 mesh in an agate mill. Major and trace element contents were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS), respectively, at Geosciences Laboratories in Sudbury, Canada. All samples for ICP analyses were dissolved using an alkali fusion (LiBO 2 / Li 2 B 4 O 7 ) method. The analytical precision and accuracy are generally better than 5% for most elements. Radiogenic isotopic analyses were performed on whole-rock powders, digested in closed Savillex beakers using ultrapure HF and HNO 3 in a proportion of 2:5 and heated for 48 h to ensure complete digestion. The elements Rb, Sr, REE and Pb were separated using ion-exchange chromatography (see Cousens et al., 2003) . The average values of total procedural blanks obtained during the time that this work was done are as follow: Rb 0.5 ng, Sr 1.5 ng, Sm 0.04 ng and Nd 0.26 ng. Strontium and Nd isotope ratios were measured on a Triton mass spectrometer at Carleton University, operated in the static mode. On the basis of numerous runs collected during the course of this work, average values (and respective 2σ uncertainties) for the isotopic ratios of the following standards were: NBS-987 87 Our zircon U-Pb age determination is based on U, Pb, and Th isotopic measurements employing spot analysis using the Cameca IMS 1270 ion microprobe at the University of California, Los Angeles (UCLA).
Analytical methods follow the procedures described by Quidelleur et al. (1997) and Schmitt et al. (2003a Schmitt et al. ( , 2003b . Zircon grains were first separated by conventional liquid and magnetic techniques, then hand selected under the binocular microscope, mounted in epoxy, and coated with~100 Å of gold. The ion-microprobe spot analyses utilized a primary ion beam focused to a~30 μm diameter spot and a secondary ion beam with a mass resolving power of 5000 amu and energy window of 50 eV. Following a pre-sputtering period of~180 s, each analysis collected data for 8-10 cycles. The sample chamber was flooded with oxygen at~3 × 10 −5 Torr to enhance secondary Pb + ionization. The reported weighted-mean ages are based on 206 Pb/ 238 U ages calculated using the zircon standard AS3 (1099 ± 0.5 Ma; Paces and Miller, 1993) . Common lead corrections were made using the measured values of 204 Pb (Stacey and Kramers, 1975) Pb (Compston et al., 1984) , which are considered a proxy for common 206 Pb and 207 Pb. These corrections use the anthropogenic Pb compositions reported for the Los Angeles basin (Sañudo-Wilhelmy and Flegal, 1994) . ISOPLOT (Ludwig, 2003) was used for age calculations and plotting.
Geochemistry
The DTG stock of the Dehnow-Vakilabad area has a wide range of major and trace element contents ( Table 1 ). The suite ranges in its SiO 2 contents from 60 to 65 wt.% and is thus intermediate in composition. It also has lower Na 2 O + K 2 O, Rb/Sr, Rb, Nb and higher MgO, FeOt, CaO and TiO 2 compared with the GD and MG (Table 1 ). The DTG constitutes a common suite with the GD on the basis of Harker variation diagrams (Fig. 3) . Variation in major and trace elements with fractionation as recorded by increasing SiO 2 for the DTG rocks is depicted in Fig. 3 Sylvester (1989) (Fig. 4A) , which discriminates between alkaline, calc-alkaline and highly fractionated calc-alkaline granites. In this diagram, all three suites fall in the calc-alkaline field, but the MG plots in the highly fractionated calc-alkaline field as delineated by its higher SiO 2 contents relative to the two other granitic suites. On the K 2 O-SiO 2 diagram of Rickwood (1989) (Fig. 4B) , the DTG suite plots in the medium-K calc-alkaline field whereas the GD samples straddle the medium-K and high-K calc-alkaline field (Fig. 4B) . The aluminum saturation index [mol. Al 2 O 3 / (CaO + Na 2 O + K 2 O)] (A/CNK) of Zen (1986) is plotted versus SiO 2 for the different granitoid suites (Fig. 4C) . In this diagram, most of the DTG and GD analyses have metaluminous to mildly peraluminous affinities whereas the MG is mildly metaluminous to strongly peraluminous.
Chondrite-normalized REE plots of the DTG, GD and MG suites are shown in Fig. 5A In the primitive mantle-normalized spider diagram (Fig. 5B ), all three granitoid suites from Mashhad show enrichments in most of the large ion lithophile elements (LILE) and a fairly regular decrease towards high field strength elements (HFSE). The three suites also have pronounced negative Nb anomalies. The DTG suite has normalized patterns fairly similar to the GD, but the latter has generally higher LILE (Rb, Ba, K and Sr). The primitive mantle-normalized trace element patterns of the MG rocks show a negative slope, with LILE enrichment, but this trend is significantly obscured by marked anomalies in Ba (Fig. 5B) .
Five zircons of the monzogranite MG give a concordia age of 199.8 ± 3.7 Ma with an MSWD of 3.3 (Fig. 6) . The relatively large MSWD is the result of large uncertainties in 207 Pb measurements, commonly seen in Phanerozoic zircons (e.g., Ireland and Williams, 2003 U age of 200.1 ± 7.2 Ma (2σ) for this sample has a robust MSWD of 0.23 and therefore supports integrity of the concordia age ( Table 2) . Six of the separated zircons from the granodiorite GD unit yield a concordia age of 212 ± 5.2 Ma (Table 2) . Fig. 6 illustrates the concordia plot of these zircons. Weighted average 206 Pb/ 238 U age for these zircons is 213 ± 11 (2σ) ( Table 2) . Karimpour et al. (2010a) , based on an analysis of 21 points on zircon grains, obtained an age of 217 ± 4-215 ± 4 Ma for the DTG. Karimpour et al. (2010b Karimpour et al. ( , 2011 ) also reported U-Pb zircon for samples from MG and GD as 205.9 ± 4.1 Ma and 201 ± 3.7 Ma, respectively. These ages, however, are not consistent with the cross-cutting relationships because field observations clearly show that MG suite, located in the northern portion of the Mashhad batholith, is cut by the GD unit and thus the former must be younger than the latter.
The whole-rock Rb-Sr and Sm-Nd isotopic data from the studied samples are given in Nd ratios vary from 0.512044 to 0.512078, from 0.512204 to 0.512225 and from 0.512042 to 0.512111, respectively. In the Nd-Sr isotope diagram (Fig. 7) , all the studied granitoid samples plot in the enriched quadrant.
Discussion
The geochemistry and mineralogy of the granitoids reflect not only the nature of the protoliths from which these magmas were derived, but also the dynamic conditions under which they were formed, evolved and eventually crystallized out (Altherr et al., 2000) . The field relationships, petrology and geochemistry of the granitoid rocks from Mashhad indicate that they had a complex origin, involving distinct parental magmas. The Davoudzadeh and Schmidt, 1984; Stampfli, 1996; Stampfli and Pillevuit, 1993; Stampfli et al., 1991; Wilmsen et al., 2009; Zanchi et al., 2006) (Wilmsen et al., 2009; . These processes reflect an increase in relief and erosion, marking the time of collision and coincide with the crystallization of the MG suite from Mashhad. In the Rb vs. Y + Nb diagram (Fig. 8A) , the MG analyses lay in the field of syn-collision granitoids, whereas the DTG and GD samples fall in the uppermost corner of the volcanic arc granitoids field. The~200 Ma MG suite was thus generated during the collision of Iran and Turan paltes, while the DTG and GD suites, formed 12-17 Ma earlier, are interpreted as pre-collisional (subduction-related) granitic bodies. The arc nature of DTG-GD suites supports the hypothesis by Natal'in and Şengör (2005) that the North Pamir-Mashhad arc formed in the southern boundary of the Turan domain (Fig. 1A) . Granitoid rocks can originate from a wide range of petrological sources, from pure mantle to pure crust (upper and lower crust). In the granite classification scheme of White (1974, 1992) , I-type granites are metaluminous to slightly peraluminous and formed from mantle source or mafic meta-igneous rock components, while S-type granites are inferred to have formed from melting of metasedimentary rocks. Field relations such as the presence of micaceous enclaves, petrographic evidence such as the presence of muscovite, the high-K calc-alkaline peraluminous composition and the presence of corundum in the normative mineralogy all indicate that the MG is an S-type granite (e.g. Barbarin, 1996; Pitcher, 1983) . In contrast, the existence of abundant mafic enclaves, the lack of (Rickwood, 1989) . Symbols as in Fig. 2 
. (C) Molar ratio A/CNK versus
SiO 2 binary diagram of Clarke (1992) . Fields of alkaline, calc-alkaline and highly fractionated calc-alkaline (HFCA) line are after Sylvester (1989) . Division between I-and S-type granitoids is from Chappell and White (1974). normative corundum, the metaluminous to slightly peraluminous affinity and the medium-K to high-K calc-alkaline nature ( Fig. 4B and C) suggest that DTG and GD both belong to the I-type granites.
The DTG rocks are characterized by significant negative Ba and Nb anomalies and high abundances of LILE (Fig. 5B) . They are also enriched in LREE, depleted in HFSE with flat HREE patterns and weakly negative Eu anomalies (Eu/Eu* = 0.67-0.95, Fig. 5A ). These geochemical characteristics are usually regarded as signatures of subduction-related and/or crust-derived magmas (Whalen et al., 1996) . Three petrogenetic models can be put forward to explain the elemental and isotopic composition of the DTG suite in the Mashhad area. These include (1) fractional crystallization of a basic mantle source, with subsequent modification by assimilation-fractional crystallization (AFC) processes during the ascent to the surface, (2) fractionation of melts produced by anatexis of mafic crustal rocks; and (3) fractionation of mantle-derived mafic melts in a subduction-related environment (e.g. Barbarin, 1999; DePaolo, 1981; Ding et al., 2011; Harris et al., 1986; Jiang et al., 2010; Rapp and Watson, 1995; Roberts and Clemens, 1995; Sisson et al., 2005; Zhang et al., 2007) . In the AFC model, the relatively high SiO 2 contents (60-65 wt.%) and low Mg# (0.22-0.36) in the DTG require a significant fractionation of mafic minerals during magma evolution. However, the low Rb/Sr ratios (0.18-0.32) rule out an origin from a mafic magma by extensive fractional crystallization. The small negative (Eu/Eu*)n ratios of the DTG suite (0.67-0.95) are also inconsistent with fractional crystallization of plagioclase from a basaltic parent source (Fig. 5A) , because the fractional crystallization of this mineral would yield large negative Eu anomalies (Wilson, 2007) . Crustal contamination by SiO 2 -and K 2 O-rich crust or mixing with a crustally-derived melt during magma ascent would increase the values of K 2 O/P 2 O5 and K 2 O/TiO 2 in magmas (Hooper, 1982) . The DTG samples have limited variation of K 2 O/P 2 O 5 and K 2 O/TiO 2 values, inconsistent with evolution by AFC processes. Some geochemical attributes of the DTG suite such as high Cr (8-54 ppm), V (28-78 ppm) contents and Mg# values (0.22-0.36) are found only in the mantle-derived magma and/or in the mafic rocks of lower crust. Experimental studies (Altherr et al., 2000; Rapp and Watson, 1995; Sisson et al., 2005) and theoretical considerations (Roberts and Clemens, 1995) suggest that dehydration-melting of crustal basaltic compositions can produce low silica (b62 wt.% SiO 2 ) metaluminous mafic melts. However, these mafic melts are mostly marked by low MgO and high Al 2 O 3 , which are not the case of the studied DTG suite (MgO = 1.32-2.54 wt.%, Al 2 O 3 = 14.89-17.45 wt.%, Table 1 ). Thus, partial melting of a mafic mantle source would appear necessary to account for the major and trace element features of the DTG suite. This source, however, was enriched, possibly during the subduction process, as revealed by the incompatible trace element contents and Sr and Nd isotopic compositions of the DTG samples (Tables 1 and  3 (− 5.5 to − 6.1) suggesting that their magma was derived from a fractionated mafic mantle melt that has been controlled by sialic crust materials. There is general agreement that many of the highly incompatible large-ion lithophile elements (LILE, e.g. Sr, Rb, Ba, U, Th) and light rare elements in arc magmas are controlled by slab contributions (e.g. Hawkesworth et al., 1993 : Murphy, 2007 Pearce and Peate, 1995) and that these elements are released from both sedimentary and igneous layers of the subducting crust (e.g. Elliott et al., 1997; Pearce and Parkinson, 1993; Tollstrup et al., 2010) . In this respect, the mantle-derived magma of the arc-related DTG suite is most likely controlled by the subducted sediments and/or oceanic crust during subduction process and their generation above the subducting slab. The Nb/La (0.74 to 0.53) and Nb/Ce (0.36 to 0.26) ratios of the DTG are somewhat closer to average crustal values of 0.69 and 0.33, respectively (Taylor and McLennan, 1985) . The average K/Rb value for the DTG samples (236) is closer to those of the upper continental crust ratios of 250 (Taylor and McLennan, 1985) . These features Normalization values in panel A are after Haskin et al. (1968) . Normalization values in panel B are after Hofmann (1988) .
assume that the parent magma of the DTG has been controlled by silalic crust materials in the source and/or during magma ascending. Thus, the Dehnow Vakilabad DTG suit is most probably originated by fractional crystallization of a mantle-derived magma that was contaminated by subducted sediments and igneous oceanic crustal materials. The partial melting of subducted slab materials could have been favored by high heat flow during a pre-collision event between the Iran and Turan plates (217-215 ± 4 Ma) during the initial closure of the Paleo-Tethys Ocean. All these geochemical features support the idea that the parental magma of the DTG suite formed during the subduction of Paleo-Tethys oceanic slab in pre-collision zone of Iran and Turan plates.
As to the origin of the Mashhad GD suite, the medium-K calc-alkaline to high-K calc-alkaline and metaluminous to mildly peraluminous nature of these rocks (Fig. 4 B and C) requires a relatively K-rich source(s) (e.g. Roberts and Clemens, 1993) . In addition, the GD rocks possess the geochemical signature of adakite magmas (Defant and Drummond, 1990) , and fall in the adakite field on the Sr/Y vs. Y diagram (Fig. 8B) . The chondrite-normalized REE patterns for the GD samples are strongly fractionated ((La/Yb) n > 28) and do not contain significant Eu-anomalies (Fig. 5A) . The enrichment of Sr in the adakitic GD rocks, together with the minor Eu-anomalies indicates that their mantle source was devoid of plagioclase. Also, depletion of Y and Yb requires melting of a source component within the stability field of garnet, most probably under eclogite-facies conditions (Castillo, 2012; Defant and Drummond, 1990) . Two possibilities exist for such a garnet-bearing source to generate high Sr/Y and La/Yb melts: (1) partial melting of a delaminated lower crust and reaction of this melt with upwelling astherospheric mantle (e.g. Petford and Atherton, 1996; Wang et al., 2006; Zhang et al., 2007) , and (2) partial melting of subducted oceanic slab and interaction of the slab-derived melt with peridotite above the mantle wedge (e.g. Defant and Drummond, 1990; Luo et al., 2002; Tsuchiya et al., 2005; Yogodzinski et al., 2001 ). The general lack of zircon inheritance in the studied GD samples and coeval Mashhad dakitic GD suite with arc magmas in North Pamir-Mashhad arc (Natal'in and Şengör, 2005) at the southern boundary of the Turan domain are inconsistent with a model involving partial melting of delaminating lower crust. In addition, detailed simulation indicates that the binary mixing curve between depleted mantle and thickened lower crustal rock-derived melts is a convex-up curve (Jiang et al., 2010) , which could not account for the observed Sr-Nd isotopic compositions of the GD samples (Fig. 7) , and thus argue against the delamination model of thickened lower crust. The primitive mantle-normalized incompatible element patterns of the GD rocks (Fig. 5B ) exhibit considerable enrichment in LILEs and a negative Nb anomaly, suggesting an affinity with magmas generated in a subduction-related tectonic setting. Martin et al. (2005) classified adakitic rocks into two groups of high-silica adakites (> 60 wt.% SiO 2 ) and low-silica adakites. The high-silica adakites are slab-derived melts, which interacted with the mantle wedge, whereas the low-silica adakites represent a metasomatized mantle. The GD rocks have SiO 2 content (65-68 wt.%) similar to high-silica adakites, suggesting the involvement of slab-derived melts. In the slab concept, the subducted oceanic sediments mainly contribute a generic subduction component consisting mainly of hydrous fluids that interact with the mantle as well as lower the melting temperature of the mantle wedge to generate geochemical characteristics of adakite magma (Castillo, 2012; Shimoda, 2009) . In this respect, the high Sr (594-1234 ppm) and Cr (up to 100 ppm) contents and high Nd/Yb ratios (29.73-39.54) of these rocks are also consistent with geochemical features of adakites that originated from subducted slab melts hybridized with peridotite mantle (Yogodzinski and Kelemen, 1998) . The GD suite also shows low Y and Yb concentrations (Tables 1 and 2 ). Such a feature is interpreted to reflect a slab-melt signature in the mantle source (e.g. Martin et al., 2005; Moyen, 2009) . Therefore, we suggest that the GD suite of Mashhad batholith was most likely formed by the interaction of slab partial melts with peridotite mantle during ascent in the mantle wedge.
The compositional gap (69-72%) observed between the MG and GD-DTG rocks suggests that these two groups (i.e., MG vs. GD + DTG) did not evolve from the same magma by fractional crystallization. On the Al 2 O 3 /TiO 2 (ratio %) versus CaO (wt.%) diagram, the MG samples have significantly higher Al 2 O 3 /TiO 2 values (>50) and considerably lower CaO (b1.5%) contents relative to those of the DTG-GD samples (Fig. 9A ). In addition, the MG suite has higher Rb/Nb values (> 8) with noticeably restricted Na 2 O/K 2 O ratios (0.6-0.8) on the binary Rb/Nb-Na 2 O/K 2 O diagram (Fig. 9B ). These geochemical attributes suggest that the MG evolved from a distinct source relative to the DTG and GD. The MG suite of the Mashhad batholith is mildly peraluminous to strongly peraluminous, with A/CNK values ranging from 1.07 to 1.17 (Fig. 4C) , indicating a transition from I-to S-type and high-K calc-alkaline nature. This suite also shows relatively low CaO (0.83-1.31 wt.%) and Sr (b250 ppm) content, plus slightly negative Eu-anomalies (Fig. 5A) , and low Sr/Ba ratio (0.35-0.67), which require melting of a source rock within the stability field of plagioclase (Barnes et al., 1996; Martin, 1999) . Also, the relatively low HREE (Yb ≤ 1 ppm) and Y (≤ 20 ppm) contents as well as the steep HREE patterns (Fig. 5A ) suggest that garnet, rather than amphibole, was a residual phase in the source of the MG rocks. These geochemical features were originally related to partial melting of subducted oceanic crust (Defant and Drummond, 1990 ), but there is increasing evidence that melting of metasedimentary materials in the lower crust can explain such trace-element characteristics (Gao et al., 2004; Rapp et al., 1999; Xu et al., 2002; Wan et al., 2009 (− 5 .3 to − 6.0), thus suggest that it was generated by partial melting of metasedimentary rocks in the thickened lower continental crust during a collisional event related to the closure of the Paleo-Tethys Ocean.
Based on the above observations, the differences in the composition of the studied granitoids from the Mashhad area are the result of the geodynamic evolution of the Turan-Iran Plate through a subduction to collisional setting. This is consistent with the previously published data from other parts of the Silk Road arc. Jiang et al. (2010) classified the granitiods from the Qinling orogen in central China into the Carnian (227-218 Ma) and Norian (211 Ma) plutons, and suggested that the Carnian plutons were emplaced in a continental arc setting while the Norian pluton was emplaced during continental collision between the South Qinling terrane and South China. Based on the detailed study of Karakoram Range (SE Pamir), Zanchi and Gaentani (2011) attributed the deformation of metabasites and gneiss in the Trich boundary zone to the collision of Karakoram with East Hindu Kush at the end of Triassic or beginning of the Jurassic. Studies from north Pamir also point to the Cimmerian orogeny that resulted from the late Triassic-early Jurassic closure of the Paleo-Tethys (Schwab et al., 2004) . In Turkey, the subduction of Paleo-Tethys continued till the medial Jurassic by the arrival of the Turkish/Tavric units of Gondwanan origin (Natal'in and Şengör, 2005) . The subduction and collision history of Paleo-Tethys in Mashhad area that is inferred from the study of granitoids, corresponds well to the history of Cimmerian orogeny in other parts of Silk Road arc.
Conclusions
Granitic rocks exposed in the vicinity of Mashhad City, in northeastern Iran can be classified into: (1) medium-K calc-alkaline metaluminous to peraluminous quartz diorite, tonalite and granodiorite (DTG), (2) medium-to high-K calc-alkaline metaluminous granodiorite (GD) and (3) high-K calc-alkaline mildly peraluminous to strongly peraluminous monzogranite (MG). They demonstrate co-existing Iand S-type granitoids formed during subduction of Paleo-Tethys and the final collision of the Iran micro-continent with Eurasia. The petrologic and geochemical properties of the DTG and GD suites are typical of I-type granites emplaced in an arc regime during the subduction of the Paleo-Tethys Ocean under the Turan Plate. They are Pearce (1996) . Panel B is after Defant and Drummond (1990) . The DTG suite (217-215 Ma) was produced by fractional crystallization of mantle-derived magma that was controlled by subduction components of the pre-collision zone between the Iran and the Turan plates. The GD rocks (212 Ma) have the geochemical characteristics of adakitic magmas, generated by partial melting of a subducted slab that also interacted with the mantle wedge peridotites. The MG is a two-mica granite and can be classified as a peraluminous leucocratic granite. The geochemical characteristics of the MG suite, including low initial 
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